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5 Metal-Supported Tubular Fuel Cell 

Field of the Invention 

This invention relates to fuel cells and in particular to metal-supported tubular 
10 solid oxide fuel cells, and a method of manufacturing a tubular solid oxide fuel cell on a 
non-conducting combustible substrate. 

Background of the Invention 

IS In general, a solid oxide fuel cell (SOFC) comprises a pair of electrodes (anode 

and cathode) separated by a ceramic, solid-phase electrolyte. To achieve adequate ionic 
conductivity in such a ceramic electrolyte, the SOFC operates at an elevated 
temperature, typically between about 750 °C and 1000 ®C. The material in typical SOFC 
electrolytes is a fully dense (i.e. non-porous) yttria-stabilized zirconia (YSZ) which is an 

20 excellent conductor of negatively charged oxygen (oxide) ions at high temperatures. 
Typical SOFC anodes are made from a porous nickel / zirconia cermet while typical 
cathodes are made from magnesium doped lanthanum manganate (LaMnOs), or a 
strontium doped lanthanum manganate (also known as lanthanum strontium manganate 
(LSM)). In operation, hydrogen or carbon monoxide (CO) in a fuel stream passing over 

25 the anode reacts with oxide ions conducted through the electrolyte to produce water 
and/or CO2 and electrons. The electrons pass from the anode to outside the fuel cell via 
an external circuit, through a load on the circuit, and back to the cathode where oxygen 

-from an -air stream receives -the electrons and is converted into- oxide ions which are 

injected into the electrolyte. The SOFC reactions that occur include: 

30 

Anode reaction: H2 + O" — > H2O + 2e' 

CO + 0"-^CP2 + 2e" 
CH4 + 40"-^ 2H2O + CO2+ Be- 
ss Cathode reaction: O2 + 4e'-^ 
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method comprises multiple concentric tubular layers, namely an inner electrode 
layer, a middle electrolyte layer, and an outer electrode layer. The inner and outer 
electrodes may suitably be the anode and cathode respectively, and in such case, 
fuel may be supplied to the anode by passing through the tube, and air may be 
S supplied to the cathode by passing over the outer surface of the tube. 

As mentioned, solid oxide fuel cells operate at high temperatures. It is known 
that decreasing the wall thickness or increasing the conductivity of the electrolyte will 
enable the fuel cell to operate at lower temperatures. Reducing the overall wall 

10 thickness of the fuel cell has additional benefits, such as reducing the thermal mass 
and increasing the thermal shock resistance of the fuel cell, which contribute to 
reducing fuel cell start up/shut down time. Furthermore, reducing the wall thickness 
in conjunction with the overall fuel cell diameter reduces the size of the fuel cell and 
enables it to operate in small-scale power applications, such as in laptops, cell 

15 phones and other small portable electronic devices. Small-scale fuel cell systems, 
popularly known as "micro fuel cell" systems, that are currently being developed 
typically employ direct methanol fuel cell (DMFC) or polymer electrolyte membrane 
(REM) technologies. Solid oxide fuel cells have characteristics that make them 
excellent candidates for micro fuel cell applications, such as having one of the 

20 highest energy conversion efficiencies of all fuel cell technologies, typically in the 
order of 35-60%. However, reducing the wall thickness of an SOFC reduces its 
mechanical strength, and Increases its fragility. Known tubular SOFC stack designs 
all employ relatively large fuel cells, typically having diameters greater than 5 mm. 
Such fuel cells also have at least one relatively thick layer — e.g. the anode layer in 

25 an "anode supported" fuel cell - that provides mechanical support and structural 
integrity to the fuel cell. Such large-diameter thick-walled SOFC tubes are not 
particularly sliltaBle'for srnall-scale appliciatibns. - - — . 

It is therefore desirable to provide a fuel cell with a reduced wall thickness. It 
30 is also desirable to provide a small-diameter, thin-walled fuel cell that is suitable for 
small-scale power applications. 

Summary of the Invention 

35 According to one aspect of the invention, there is provided a tubular solid 

oxide fuel cell comprising a tubular, substantially metallic porous support layer; and a 
tubular, functional layer assembly In concentric adjacent contact with the support 



2 



wo 2004/012287 



PCT/CA2003/001118 



layer. The functional layer assembly comprises in concentric arrangement: a 
substantially ceramic or cermet inner electrode layer, a substantially ceramic middle 
electrolyte layer, and a substantially ceramic or cermet outer electrode layer. The 
functional layer assembly has a wall thickness less than or equal to 80 \im. In 
5 particular, the functional layer assembly can have a diameter of less than or equal to 
5 mm and a wall thickness less than or equal to 65 pm. More particularly, the 
functional layer assembly can have a diameter of less than or equal to 2 mm and a 
wall thickness less than or equal to 20 pm. 

10 The support layer has sufficient mechanical strength to support the functional 

layer assembly, and sufficient porosity to allow the flow of a reactant therethrough. 
To support a functional layer assembly having a wall thickness less than or equal to 
80 pm, the support layer can have a thickness of between 20 and 500 pm. The 
support layer can be made of a material selected from the group of stainless steel, 

15 ferritic steel, super-alloy, copper, nickel, copper alloys, nickel alloys, a copper-nickel 
mixture, copper / ceramic cermet, copper alloy / ceramic cermet, copper-silver, and 
copper-silver-nickel. The support layer can be both in electrical and mechanical 
contact with the functional layer assembly, and in such case, the support layer has 
sufficient electrical conductivity to collect current during fuel cell operation. The 

20 support layer can either be inside or outside the functional layer assembly; in the 
former case, the support layer Is in mechanical contact with the inner electrode layer, 
and in the latter case, the support layer is in mechanical contact with the outer 
electrode layer. 

25 The inner electrode layer can be an anode and have a thickness of between 1 

and 20 pm. The outer electrode layer can be a cathode and have a thickness of 

I 

between 1 arid 30 pm. ' 

The electrolyte can be made of a material selected from the group of yittria- 
30 stabilized zirconia and GdzOa - doped CeOa. When made of yittria-stabilized 
zirconia, the electrolyte can have a thickness less than or equal to 5 pm. When 
made of GdaOa - doped CeOa. the electrolyte can have a thickness of less than or 
equal to 15 pm. The electrolyte can contain a certain percentage (0-30%) of nano- 
sized (less than or equal to 50nm) electrolyte powder fraction with submicron 
35 electrolyte powder to reduce the sintering temperature of the electrolyte. 
Altemativeiy, the electrolyte can contain other sintering additives; for example, in a 
Ce02 system, the additives can be CoO or a mixture of CoO and iron oxide, or CoO 
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and copper oxide mixture, or a mixture of CoO. copper oxide and iron oxide, or a 
mixture of cobalt and iron, or a mixture of cobalt and copper, or a mixture of cobalt, 
copper and iron, bismuth oxide, bismuth based (Bi-Sr-Ca-Cu-O) ceramic 
superconductors or a Bi-Sr-Ca-Cu-O mixture, YBaaCuaOx-ceramic superconductor or 
5 Y-Ba-Cu-O mixture for lowering the sintering or densification temperature. These 
sintering mixtures are expected to have a lower melting temperature than a single 
material sintering additive. 

A fuel cell assembly having such dimensions and compositions are smali- 
10 diameter thin-walled tubular fuel cell assemblies that are expected to have better 
themnal shock resistance and mechanical flexibility than larger-diameter thicker- 
walled ceramic tubular fuel cells. Such a fuel cell is expected to be particularly 
useful in micro-fuel cell applications. 

15 The fuel cell assembly described above can be assembled with other fuel cell 

assemblies to form a stack. In particular, the fuel cell stack comprises the fuel cell 
assembly described above, and a continuous solid phase support matrix embedding 
the fuel cell and having a porosity sufficient to flow a reactant therethrough and to the 
outer surface of the embedded fuel cell. 

20 

According to another aspect of the invention, there Is provided a method of 
manufacturing a tubular solid oxide fuel cell assembly comprising: 

(a) coating a tubular substantially metallic porous support layer with a 
ceramic or cermet inner electrode layer, 
25 (b) coating the Inner electrode layer with a ceramic electrolyte layer; 

(c) drying and sintering the layers (optional); 
" ' (d) coating the electrolyte layer with a ceramic or cermet outer electrode 

layer, then 

(e) drying and sintering the outer electrode thereby producing a flexible 
30 hollow tubular metal-supported fuel cell; 

the electrode and electrolyte layers having a collective wall thickness of 80 pm or 
less, and the support layer having sufficient mechanical strength to support the 
electrode and electrolyte layers and sufficient porosity to flow a reactant 
therethrough. 

35 

The inner electrode layer may be coated on the support layer by one in the group 
of electrophoretic deposition, dip-coating and spraying. The electrolyte layer may be 
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cx>ated on the inner electrode layer by one in the group of electrophoretic deposition, 
dip-coating, sol-gel coating, and spraying. The metal support layer can contain 
combustible additives which are combusted during sintering to produce a porous 
metal support layer. The inner and outer electrolyte can also contain combustible 
5 additives which are combusted during sintering to produce porous electrode layers. 

According to another aspect of the invention, there is provided a method of 
manufacturing a tubular solid oxide fuel cell comprising the following steps: 

(a) coating a combustible non-conductive substrate member with a 
10 conductive substrate layer; 

(b) coating the substrate layer with an inner electrode layer by 
electrophoretic deposition; 

(c) coating the inner electrode layer with an electrolyte layer; 

(d) drying and sintering the coated substrate member such that the 
15 substrate member combusts (optional); 

(e) coating the electrolyte layer with an outer electrode layer, and . 

(f) drying and sintering the layers (thereby combusting the substrate 
member if optional step (d) is not carried out); 

thereby producing a hollow tubular fuel cell. 

20 

The substrate member composition can substantially comprise a material 
selected from the group of wood, polymer, paper, and jute fibers, polymer fibers or 
filaments. The conductive substrate layer composition can substantially comprise a 
material selected from the group of metal, carbon, and graphite. 

25 

When the conductive substrate layer Is substantially metallic, it does not 
"Combust during sintering,~and thus the method produces a fuel cell assembly having 
a hollow tubular fuel cell lined with a substantially metallic Inner layer. To enable 
reactant to reach the inner electrode of the fuel cell, sufficient combustible additives 

30 are added to the metallic substrate layer in step (a) to produce a sufficiently porous 
metallic layer. The metal can be selected from the group of stainless steel, ferritic 
steel, super-alloy, Cu, Ni, Cu-alloys, Ni-alloys, Cu-Ni mixture, Cu (or Cu- 
alloy)/ceramic cermet, Cu-Ni/ceramic cennet, Cu-Ag, and Cu-Ni-Ag. Sufficient metal 
can be applied to the substrate to produce a metallic substrate layer that can 

35 mechanically support the electrode and electrolyte layers during fuel cell operation. 
Optionally, a sintering can be applied between steps (a) and (b) to combust the 
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substrate; then the metallic substrate layer can be shaped before the fuel cell layers 
are applied thereon. 

When the conductive substrate is carbon or graphite or another combustible 
S material, it combusts during sintering. Between steps (a) and (b). the combustible 
substrate layer can be coated with a substantially metallic support layer by 
electrophoretic deposition; this support layer lines the inside of the fuel cell. 
Additionally or alternatively, the outer electrode can be coated with a substantially 
metallic support layer. The support layer in both cases has sufficient mechanical 
10 strength to support the electrode and electrolyte layers during fuel cell operation. In 
particular, both support layers can have a thickness of between 20 and 500 |jm to 
provide said mechanical strength. Also, both support layers can include combustible 
additives that combust during sintering to produce a support layer having sufficient 
porosity to enable the flow of a reactant therethrough. 

15 

Brief Description of Drawings 

Figure 1 is a flowchart of the steps in producing a metal-supported tubular 
SOFC using a wooden rod-like substrate. 

20 

Figure 2 is a flowchart of the steps in producing a metal-supported tubular 
SOFC using a wooden rod-like substrate that is coated first with a first metal layer by 
painting, then by a second metal layer by electrophoretic deposition. 

25 Figure 3 is a flowchart of the steps in producing a metal-supported tubular 

SOFC using a wooden rod-like substrate coated with a carbon or graphite layer. 

Figure 4 is a flowchart of the steps in producing a metal-supported tubular 
SOFC that includes shaping the fuel cell into a non-elongate configuration. 

30 

Figure 5 is a flowchart of the steps in producing a metal-supported tubular 
SOFC using an extruded metal tube as a support layer of the fuel cell. 

Figure 6 is a schematic side section view of a fuel cell produced by the. 
35 method illustrated in Figure 1. 
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Figures 7(a) and (b) are schematic plan and end views of a fuel cell stack 
having a plurality of the fuel cells of Figure 6. 

Detailed Description 

5 

When describing the present invention, the following ternis have the following 
meanings, unless indicated otherwise. All terms not defined herein have their 
common art-recognized meanings. 

10 The term "ceramic" refers to inorganic non-metallic solid materials with a 

prevalent covalent or Ionic bond including, but not limited to metallic oxides 
(such as oxides of aluminum, silicon, magnesium, zirconium, titanium, 
chromium, lanthanum, hafnium, yttrium and mixtures thereof) and nonoxide 
compounds including but not limited to carbides (such as of titanium tungsten, 

15 boron, silicon), silicides (such as molybdenum disicilicide), nitrides (such as of. 

boron, aluminum, titanium, silicon) and borides (such as of tungsten, titanium, 
uranium) and mixtures thereof; spinels, titanates (such as barium titanate, 
lead titanate, lead zirconium titanates, strontium titanate, iron titanate), 
ceramic super conductors, zeolites, and ceramic solid ionic conductors (such 

20 as yittria stabilized zirconia, beta-alumina and cerates). 

The term "cemief refers to a composite material comprising a ceramic in 
combination with a metai, typically but not necessarily a sintered metal, and 
typically exhibiting a high resistance to temperature, corrosion, and abrasion. 

25 

The term "porous" in the context of hollow ceramic, metal, and cermet 
membranes and matrices means that the' material contains pores (voids). 
Therefore, the density of the porous material is lower than that of the 
theoretical density of the material. The voids in the porous membranes and 

30 matrices can be connected (i.e., channel type) or disconnected (i.e. isolated). 

in a porous hollow membrane or matrix, the majority of the pores are 
connected. To be considered porous as used herein in reference to 
membranes, a membrane should have a density which is at most about 95% 
of the theoretical density of the material. The amount of porosity can be 

35 determined by measuring the bulk density of the porous body and from the 

theoretical density of the materials In the porous body. Pore size and its 
distribution in a porous body can be measured by mercury or non-mercury 
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porosimeters, BET or microstructural image analysis as is well known in the 
art. 

5 According to one embodiment of the invention, there is provided a method of 

manufacturing a metal-supported tubular micro-solid oxide fuel cell (jx-SOFC) 
assembly. The fuel cell assembly has a support layer and three functional layers, 
namely: an inner electrode membrane, a middle electrolyte membrane, and an outer 
electrode membrane. The electrodes serve as a current collector and promote 

10 electrochemical reaction. The electrolyte allows oxygen ions to pass from one 
electrode (cathode) to the other (anode), and is impermeable to nitrogen in air and 
fuel gas flows on either side of the electrolyte. The functional layers are 
mechanically supported by a tubular metal support layer, which in this embodiment is 
the Inner layer of the fuel cell assembly. However, the metal support layer may be 

15 located elsewhere on the fuel cell, e.g. concentric to and outside of the functional 
layers. 

Referring to Figures 1 and 6, a fuel cell assembly 10 is produced by coating 
successive layers onto a wooden substrate 12. The substrate 12 serves as a 

20 template for the fuel cell assembly 10 and thus has a shape and size selected to 
correspond to desired shape and size of the fuel cell assembly 10 to be produced. In 
this described embodiment, the wooden substrate 12 is used to produce a tubular 
small-diameter SOFC and thus is an elongate rod having a circular cross-section and 
a diameter in the range of 0.1 to 10 mm. The substrate 12 is particularly suitable for 

25 producing tubular ^-SOFCs having a diameter of less than or equal to 5 mm. Wood 
is selected for its low cost and its combustibility at sintering temperatures. However, 
other relatively inexpensive combustible materials such as polymer, paper, or 
jute/polymer fibers, having similar shapes and sizes may be used as the substrate 
12. 

30 

The wooden substrate 12 is first coated with a conductive metallic support 
layer 14. A suitable method of coating the wooden substrate 12 is by dip-coating the 
wooden substrate 12 in a container of liquid metal-containing mixture, as is known in 
the art. Alternatively, the mixture may be applied by spray coating or bmsh painting, 
35 as is known in the art. The mixture includes one or more metals that are conductive 
and capable of withstanding typical SOFC operating conditions. Suitable metals 
include nickel, copper, silver, silver alloys (e.g. silver nickel alloy, silver copper alloy. 
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silver-copper-nickel alloy), stainless steel, ferritic steel, and super alloy (e.g. Inconel). 
copper-alloys, nickel-alloys, a copper-nickel mixture, a copper (or copper- 
alloy)/ceramic cermet, copper-nickel/ceramic cermet, and a copper-nickel- 
silver/ceramic cermet. The mixture also includes 3-60 vol.% combustible additives 

5 that combust during sintering to make the metallic layer 14 porous; depending on the 
amount of combustible additives used, the porosity varies between 20 and 75 voL%. 
Such porosity enables reactant (i.e. oxidant or fuel) to flow through the support layer 
14 and to an adjacent electrode during fuel cell operation. In particular, a mixture 
having 30 vol.% combustible additive produces a metal support layer having a 

10 porosity of about 40 vol.%. Examples of suitable combustible additives include: 
particles of carbon, graphite, corn starch, tapioca stretch, rice flower, wooden 
particles or saw dust, and polymer particles. 

Optionally, the substrate 12 can be coated with a polymer binder solution 
15 before the support layer 14 is applied, to enhance the smoothness and reduce the 
porosity of the substrate surface. For substrates made of jute or polymer fibres, the 
binder solution is also useful to close inter-fibre gaps. Suitable such polymer binder 
solutions include a solution of about 5 vol.% poly-vinyl-butyral dissolved in either 
water or an alcohol, and a solution of about 5 vol.% nitrocellulose dissolved in 
20 acetone. 

Optionally, the mixture can include a ceramic material such as cerium oxide. 
Such ceramic material Is added to introduce catalytic activity in the support layer 14, 
e.g. to refomi a hydrocarbon inside an anode. The ceramic content in the support 

25 layer 14 should not exceed the percolation limit of the ceramic, i.e. the threshold at 
which ceramic becomes a continuous phase in the metal and causes the support 
layer 14 to become brittle. The ceramic percolation limit is about 35 vol.%. 
Therefore, the support layer composition consists of metal with the balance being 
ceramic between 0 vol.% to the ceramic percolation limit; such a support layer 14 is 

30 hereby defined to be a ''substantially metallic" support layer 14. 

Generally, sufficient metallic mixture is applied to the substrate 12 to produce 
a substantially metallic support layer 14 having sufficient mechanical strength to 
support a thin-walled tubular p.-SOFC during typical SOFC operating conditions. For 
35 example, to support a ^-SOFC having a diameter of 2mm and a wall thickness 80 pm 
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or less, a suitable support layer 14 is made of Inconel or stainless steel and has a 
thickness in the order of 20 - 500 pm and preferably around 200 |jm. 

After the wooden (or polymer or paper or jute/polymer fibers) substrate 12 is 
5 coated with the support layer 14, the support layer 14 is allowed to dry. Then, 
functional layers are successively applied to produce a fuel cell assembly 10 having 
multiple concentric layers of material. "Functional layers" means the electrodes and 
the electrolyte of the fuel cell assembly 10, and In particular excludes the support 
layer 14. The support layer 14 provides structural support to the functional layers, 
10 as well as collecting current. 

The first functional layer applied onto the support layer 14 is the inner 
electrode layer 16, and this layer is applied by electrophoretic deposition (EPD). In 
this connection, the support layer 14 serves as a conductive surface which enables 

15 the inner electrode layer 16 to be applied by EPD. The process of coating by EPD 
has been previously described in Applicant's published PCT application no. 
PCT/CA0 1/00634. EPD is a particularly desirable method of forming the functional 
layers, as it enables the formation of very thin layers; however, other processes 
known in the art that are able to form very thin functional layers may also be used. 

20 The inner electrode layer 16 may serve as the anode of the fuel cell 10, and as such, 
is porous, made of a nickel (or copper) and zirconia (or ceria) cermet having a 
thickness of between 1 |jm to 20 ym and preferably about 5 pm. Prior to the EPD, 
the anode material is in the form of a slurry; the slunry can include combustible 
particles that combust during sintering, thereby increasing the porosity of the anode 

25 structure. The concentration and distribution of the combustible particles in the inner 
electrode layer 16 are selected to provide the inner electrode layer 16 with a porosity 
greater than or equal to 15 vol.%, and preferably around 30 vol. %. 

After the inner electrode layer 16 has been applied, a second functional layer 
30 18 is applied onto the inner electrode layer 16; this layer 18 serves as the electrolyte 
of the fuel cell assembly 10, In order to reduce the operating temperature of the fuel 
cell assembly 10, and in particular to lower the operating temperature to or below 
700*C, a high conductivity electrolyte material is selected, such as GdaOa doped- 
Ce02. An electrolyte having such a composition may be applied onto the anode 
35 layer by EPD to a thickness of 15 pm or less. Alternatively, a lower fuel cell 
operating temperature may be achieved without the use of a high conductivity 
electrolyte, by reducing the thickness of the electrolyte layer 18. In such case, an 
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electrolyte layer 18 made of yttria-stablized zirconia (YSZ) having a thickness of less 
than or equal to 5 pm, and preferably around 2 |jm may be used to produce a fuel 
cell 10 that is operable at around 700"C or less. To apply such a thin layer of 
electrolyte, a sol-gel dip-coating technique is used as is known in the art. 

5 

Prior to application onto the inner electrode layer 16, the electrolyte material 
is In the fonm of a slurry; the slurry includes a sintering additive that enables the 
electrolyte layer 18 to achieve full density at a reduced sintering temperature; such 
reduced sintering temperature is necessary to avoid melting or over-sintering the 

10 metallic support layer 14. The sintering additive can be a certain weight percentage 
(0-30%) of nano-sized (less than or equal to 50nm) electrolyte powder fraction with 
submicron electrolyte powder. Alternatively, the electrolyte can contain other 
sintering additives; for example, in a CeOa system, the additives can be cobalt 
oxide; or a mixture of cobalt oxide and iron oxide; or cobalt oxide and copper oxide 

15 mixture; or a mixture of CoO, copper oxide and iron oxide; or a mixture of cobalt and 
iron; or mixture of cobalt and copper; or a mixture of cobalt, copper and Iron; 
bismuth oxide; bismuth based (Bi-Sr-Ca-Cu-O) ceramic superconductors; or a Bi-Sr- 
Ca-Cu-O mixture; YBaaCusOx-ceramic superconductor; or a Y-Ba-Cu-0 mixture. 
The maximum weight percentage of above sintering additives is 10%. These 

20 sintering mixtures are expected to have a lower melting temperature than a single- 
material sintering additive. 

After the anode and electrolyte layers 16, 18 have been applied, they are 
allowed to dry. Then, the wooden substrate 12 and support and functional layers 

25 14, 16, 18 are sintered at a temperature sufficient to bum out the combustible 
wooden substrate 12 as well as any combustible additives in the coatings 14, 16, 18 
but not melt the metallic support layer 14, The sintering also enables the electrolyte 
layer 18 to achieve full density while maintaining the porosity of the Inner electrode 
layer 16 and the support layer 14. The sintering cycle for a zirconia deposit where 

30 the sintering atmosphere is air or inert (nitrogen or argon) or reducing (hydrogen or 
hydrogen and inert gas mixture) may begin by raising the temperature to about 
500**C to about SOCC at a heating rate of between 20°C/hr to 300°C/hr and 
preferably over a period of about 6 hours to about 9 hours and held at that 
temperature for about 3 hours. The temperature may then be raised at a rate of 

35 about lOO^'C to about 300**C per hour to the sintering temperature of about 800°C to 
about 1400'C and held there for about 0.5 to about 5 hours. The temperature may 
then be lowered at a rate of about 100**C to about 300^*0 per hour to room 
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temperature. After sintering, the sintering additives in the electrolyte layer may 
remain as a separate phase lil<e cobalt oxide, iron oxide or copper oxide. Or, they 
may dissolve in the CeOz of a GdaOa doped-Ce02 electrolyte, or they may 
chemically react with Ce02 and fomri a compound. 

5 

After sintering, the electrolyte layer 18 is coated with a third functional layer, 
namely, an outer electrode layer 20. As the inner electrode layer 16 in this 
embodiment Is the anode, the outer electrode layer 20 serves as the cathode and as 
such its composition may suitably be LSM, or a LSM / doped-zirconia mixture, or a 

10 LSM / doped-ceria mixture, or another electrically and ionically conductive ceramic 
material. The outer electrode layer 20 may be applied to the electrolyte layer 18 by 
any suitable Icnown means, including but not restricted to EPD (provided the 
electrolyte layer is made conductive, e.g. by coating with a conductive layer, e.g 
painting the electrolyte layer with a graphite paint), dip-coating, brushing, spraying or 

15 sol-gel coating. The coating thicl<ness is between 1 and 30 pm and preferably 
around 10 pm. Like the anode layer 16, combustible particles can be added to the 
cathode sluny that are combusted diliring sintering to increase the porosity in the 
porous cathode layer 20. 

20 After the outer electrode layer 20 has been applied to the electrolyte layer 18, 

the fuel cell assembly 10 is subjected to a drying stage wherein heat is applied at 
increasing temperatures of 40**C, eo^'C, 80**C, lOO^'C, 120**C, and 140**C. The outer 
electrode layer 20 may be heated at each temperature for a period between 10 
minutes to 5 hours. Then, a final sintering stage is applied to partially densify the 

25 outer electrode layer 20, to bond the outer electrode layer 20 to the electrolyte layer 
18, and to combust any combustible particles in the outer electrode layer 18. The 
-sintering cycle where the sintering atmosphere is air may begin by raising the 
temperature from room temperature to a first temperature of about 200-250X, then 
to a second temperature between about 400-600*C. then to a third temperature 

30 between about 800-900^C, then finally to a temperature of between 800 to 1100'C. 
The heating rate for each of these sintering steps is between about 20-300**C/hr. 
The outer electrode layer 20 Is held at^each of these temperatures for between about 
15 minutes to 5 hours. The temperature may then be lowered at a rate of about 60- 
SOO^'C per hour to room temperature. 

35 

The fuel cell assembly 10 that is produced as a result of these steps is a 
hollow elongate tubular stmcture. The cross-section of this tubular structure is 
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generally circular, but it is within the scope, of the invention for the cross-section to 
have other shapes, such as square, hexagonal etc. The fuel cell assembly 10 has 
multiple concentric layers of material, namely, the substantially metallic inner support 
layer 14, and a functional layer assembly in concentric adjacent contact with the 

5 support layer; the functional layer assembly comprises the inner electrode layer 16 
having a ceramic or cermet composition, the middle electrolyte layer 18 having a 
ceramic composition, and the outer electrode layer 20 having a ceramic or cermet 
composition. The functional layer assembly is extremely thin compared to state of 
the art tubular fuel cells, generally having a wall thickness less than or equal to 80 

10 Mm and in particular, in the order of around 25 ym, and as such gives the fuel cell 
assembly 10 extremely high thermal shock resistance, very rapid start up time (i.e. 
time to heat up to operating temperature), and a degree of elasticity that gives the 
fuel ceil assembly 10 better mechanical shock resistance than thicker-walled ceramic 
fuel cells. This last characteristic is particularly Important where the fuel cell 

15 assembly 10 is to be used in adverse conditions where the components of a fuel cell 
system may be subjected to vibration and other mechanical shocks. A major problem 
with anode supported NiO(Ni)-zirconla substrate is the dimension change associated 
with the oxidation and reduction of NiO/Ni. Oxidation of Ni of a cell results volume 
expansion on the anode substrate and introduce tension on the electrolyte layer and 

20 as a result micro-cracking occurs in the electrolyte layer. Particularly this is a critical 
during cooling of a SOFC from its operating temperature; any air leak can essentially 
damage the electrolyte of the cell. Since present design replaces an anode- 
supported fuel cell having a relatively thick anode wall by a metal-supported SOFC, 
problems associated with oxidation-reduction is reduced or avoided altogether. 

25 Furthenmore, the metal support layer 14 of the fuel cell assembly 10 can be welded 
to other parts of a fuel cell system, thereby giving further design options when 
designing a fuel cell system. 

According to another embodiment of the invention, the fuel cell 10 may be 
30 manufactured by a method having only one sintering step. This method involves the 
same steps as the two-sintering method described above, except that the first 
sintering step is omitted, and the second sintering step is modified in such a way that 
during sintering, the outer electrode does not chemically react in an appreciable 
manner with the electrolyte layer, and after sintering, the porosity of outer layer is 
35 more than 20% of volume and final fuel cell can effectively convert chemical energy 
to electrical energy. 
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Referring to Figure 7, the fuel cell assembly 10 may be assembled with other 
like fuel cells assemblies 10 in a stack 22 by arranging the fuel cells assemblies 10 in 
a substantially parallel, longitudinally-extending tightly packed an-ay and embedding 
the fuel cells assemblies 10 in a in a continuous solid phase porous foam support 

5 matrix 24. The matrix 24 is made from ceramic or another material that is able to 
withstand typical SOFC operating temperatures, e.g. steel or a superalloy. The 
support matrix 24 can be made of LSM to enable it to operate at up to around 1000 
and to serve to collect current, to ionize oxygen into oxide ions, and to conduct 
these ions to the electrolyte. The support matrix 24 fills the spaces between the fuel 

10 cell assemblies 10 and contacts the outer surface of each fuel cell assembly 10, i.e. 
the cathode layer of each fuel cell 10. The support matrix 24 can be the same 
material as the cathode layer, thereby serving to increase the effective surface area 
of the cathode, and increasing the area for collecting electrons, and ionizing oxygen. 

15 Instead of LSM, the support matrix 24 can be made of any suitable electronic . 

or mixed (electronic and ionic) conductive porous solid state material. When made 
from an electronic conductive material (e.g. metal), the support matrix 24 can carry 
electricity by electron transportation. When made from a mixed conductor material 
(e.g. LSM or metal/ceramic composite), the support matrix 24 can carry electricity by 

20 electron and ion transportation. When made from an ionic conductor material (e.g. 
Yittria-doped zirconia), the support matrix 24 can carry electricity by ion 
transportation. Suitable alternative materials for the matrix include: doped LaCrOa 
(e.g. Lai-xSrxCrOa, Lai-xCaxCrOa. LaLxMgxCrOa, LaCr(Mg)03, LaCai-xCryOa). stainless 
steel (e.g. 316, 316L), cermets such as: Ni-Yittria stabilized zirconia, Ni and doped 

25 zirconia cermet, Ni doped - CeOg cemnet, Cu doped-ceria cermet, silver-(BI-Sr-Ca- 
Cu-0)-oxlde cenmet, silver-(Y-Ba-Cu-0)-oxide cermet; silver-alloy-(BI-Sr-Ca-Cu-0>- 
oxide cermet; silver-alloy-(Y-Ba-Cu-0)-oxide cenmet; silver and its alloys, Inconel 
steel or any super alloy, ferritic steel, SiC, and MoSia. 

^ 

30 When the support matrix 24 is made entirely of steel or a superalloy, it serves 

to provide mechanical support to hold the fuel cell assemblies 10 together, as well as 
to serve as a current collector. If the support matrix 24 is made of a steel or a 
superalloy coated with a catalyst, it serves to provide mechanical support, collect 
current, and promote chemical reactions, such as ionization. If the support matrix 24 

35 is made of a steel or a superalloy coated with catalyst and an ionic or mixed 
conductor. It serves to provide mechanical support, collect current, promote chemical 
reactions, and provide an ionic conduction path. 
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The support matrix 24 is porous (with channel-type connected pores) to allow 
the flow through of oxidant through the stacl^ 22, and to the cathode layer 16 of each 
fuel cell assembly 10. The porosity of the support matrix 24 Is selected to provide a 

5 sufficient oxidant flow-through rate and sufficient mechanical strength to serve as a 
support structure for the fuel cell stack 22. In this connection, the support matrix 24 
has a porosity of between 30-95% and preferably about 60% As will be described 
below, the support matrix 24 in this embodiment is a solid foam made by sintering a 
foam slunry. However, a support matrix 24 can also be made form other materials 

10 such as metal wire, or a metal, ceramic or cermet wool. 

The stack 22 may be capped at each longitudinal end by respective end 
plates 30; each end plates is provided with a plurality of openings corresponding to 
the tubular fuel cells 10, such that the fuel cells extend through the end plates 30. 

15 The body of the stack is wrapped by a perforated cover 32 that is permeable to air. 
In operation, the stack 22 can be assembled in a fuel cell system (not shown) that 
flows air to one side of the stack 34, through the cover 32, through the porous 
support matrix 24 and to the outer surface of each fuel cell. Unused air and reaction 
products are carried out of the stack through the cover 32 on opposite side 36 of the 

20 stack 22. Fuel is fed through each fuel cell 10 at one an fuel inlet end 38 of the stack 
22 and exits the tubes at a fuel outlet end 40 of the stack 22. 

The pumps, controllers, and other ancillary equipment of a fuel cell system 
are known in the art and are not described here. Also, the fuel cell stack 22 is 
25 electrically connected to an extemal circuit (not shown) as is known in the art. 

There are different processes to embed fuel cells 10 In the porous matrix. 
According to one process, an apparatus (not shown) is provided for immersing a 
plurality of fuel cells 10 in a slunry of matrix material. The apparatus comprises a pair 

30 of end plates made of a ceramic, superalloy or another material capable of 
withstanding sintering, a combustible flexible sheet, and means for supplying the 
slurry to the apparatus. The end plates each have a plurality of indentations on one 
of their major faces; the indentations are shaped and sized to accept the ends of fuel 
cells 10. The flexible sheet may be made of paper board or a suitable plastic 

35 material. Upon sintering (described below), the flexible sheet bums away. 
Alternatively, the flexible sheet may be replaced by a non-combustible container wall 
(not shown) of ceramic such as alumina or zirconia, or metal. Such container serves 
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to contain the slurry during heat treatment / sintering, but can also serve as an 
integral component of the fuel cell stack 22. 

Each end of each fuel cell 10 is taped with a protective masking tape (not 
5 shown) or a suitable combustible coating to keep the ends free from the slurry. 
Then, each end plate is clamped to each end of each fuel cell 10. holding each fuel 
cell In place. Then, the flexible sheet is wrapped around the fuel cells 10; the sheet 
is large enough to wrap completely around the fuel cells 10 and to attach to each end 
plate. When wrapped, the sheet and end plates form a cylindrical container that 
10 encloses the fuel cells 10. A slunry injection port is provided in one of the base 
plates. 

The sluny is a suspension of the matrix material, water or organic solvent, a 
dispersant, a foaming agent, organic monomers and an initiator. The matrix material 

15 in this case is LSM (lanthanum strontium manganate), but can be any ceramic and/or 
metal powder having suitable properties, such as LaCr(Mg)03, doped-LaCrOa (e.g. 
Lai-xSrxCrOa, Lai^xCaxCrOa^Lai.xMgxCrOa, LaCr(Mg)03, LaCai-xCry03,LavxSrxCoi.yFcyO3. 
(LSM or LaCr(Mg)03 or doped-LaCrOs (Lai-xSrxCr03, Lai.xCaxCr03, Lai.xMgxCrOa, 
LaCr(Mg)03. LaCai.xCry03. Lai-xSrxCoi.yFcy03,)) plus metals such as silver or stainless 

20 steel, ferritic steel or supper alloy or inconel or mixture of silver plus stainless steel or 
ferritic steel, supper alloy or inconel, stainless steel (316, 31 6L), cemnets such as Ni- 
Yittria stabilized zirconia or any Ni and doped-ZrOa cermet, Ni and doped-CeOa 
cermet, Cu and doped-CeOa cermet, Cu-NI and doped-CeOa or doped-ZrOa cenmet, 
silver and Its alloys, Inconel steel or any superalloy, or fen-itic steel SiC, MoSia. The 

25 organic monomers may be mehty methacrylate, butyl arcylate, acrylamide, or other 
acrylates. The dispersant may be polyacrylic acid. The foamirig agents may be 
Terglton TMN10 or Triton X1 14. The initiator may be ammonium persulphate (APS). 
The slunry upon heat treatment will produce a foam that has a porous structure 
wherein the majority of the pores are interconnected to provide continuous fluid 

30 pathways. Upon sintering, this foam becomes the solid-state porous support matrix 
24 with a foam-like microstmcture. 

Instead of or in addition to the foaming agent, combustible additives may be 
added to the slurry, such as polymer powder, organic powder, saw dust and fibres. 
35 Upon sintering at a temperature hot enough to combust the combustible additives, 
the additives burn away, leaving behind the solid-state foam support matrix 24. 
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Instead of or in addition to the foaming agent and combustible additives, a 
porous foam-like microstructure can be formed by using hollow ceramic particles. 
Spherical ceramic particles such as commercially available alumina bubbles (AI2O3) 
are first coated with matrix material, e.g. by dipping or spraying the particles with the 

5 sluny, or by electroless coating of matrix material onto the particles. Then, the 
coated particles are placed in a container having a plurality of tubular fuel cells 10 
arranged in the desired stack configuration. The container is packed witfi the 
particles such that tubular fuel ceils 10 are held securely in place. Then, a lid is 
* placed on the container, and the filled container is subjected to a sintering process 

10 whereby the coating will bond with the particles thereby physically interconnecting 
the particles. 

The slurry is injected or poured through the slunry port until the container is 
filled and the fuel cells 10 are immersed with slurry. The slurry is left to completely 
15 dry at ambient temperature (or at an elevated temperature up to about 1 20**C). 

After the slurry has dried, the container and its contents are sintered. The 
sintering cycle involves first Increasing the temperature from ambient to 200°C for 
and holding at that temperature 1-10 hours, then increasing the temperature to 

20 500°C and holding at that temperature for 1-10 hours, then increasing the 
temperature to SSO^'C and holding at that temperature for 1-10 hours, then increasing 
the temperature to SOO^'C and holding at that temperature for 1-10 hours, then finally 
increasing the temperature to 800-1 250°C and holding at that temperature for 0.25 to 
5 hours. The rate of temperature increase in each step is between 20-300**C. The 

25 temperature is then allowed to drop to ambient temperature at a rate of between 60- 
300^C, 

During sintering, the combustible flexible sheet is burned away, leaving 
behind a fuel cell stack 22 having the fuel cells 10 embedded in the solidified porous 
30 support matrix 24 such that the matrix 24 surrounds the length of each embedded 
fuel cell 10 (because the ends of the fuel cells 10 are masked prior to coating with 
slurry, they are free of the matrix 24). The end plates are then removed, and the 
stack 22 is ready for combining with other components to produce a fuel cell system. 

35 According to another embodiment of the invention and referring to Figure 2, a 

metal supported tubular SOFC Is produced in a manner similar to the method 
described in the first embodiment, except that prior to applying the first functional 
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layer, the wooden (or polymer or paper or jute/poiymer fibers) substrate 12 is first 
coated with a thin layer of metal paint (thinner than the metal support layer in the first 
embodiment), then another metallic layer 14 is applied over the metal paint by EPD. 
The total thickness of the two— layered metal support coating is in the range of 20 to 
5 500 pm. In general, coating by EPD offers a better surface interface finishing and 
better microstructural homogeneity than comparable methods of metal layer coating. 

According to another embodiment of the Invention and referring to Figure 3, a 
metal supported tubular SOFC is produced in a manner similar to the method 
described in the first embodiment, except that prior to applying the first functional 
layer, the wooden (or polymer or paper or jute/polymer fibers) substrate 12 is first 
coated with a layer carbon or graphite paint, then coated with a metal support layer 
by EPD. The carbon or graphite layer makes the wooden (or polymer or paper or 
jute/polymer fibers) substrate 12 conductive, thereby enabling the metallic layer 14 to 
be applied thereon by EPD. The carbon or graphite layer will be combusted along 
with the wooden core during sintering. 

According to another embodiment of the invention, a tubular SOFC is 
produced in a manner similar to the method described in the first embodiment, 
20 except that instead of applying a substantially metallic layer 14 onto the substrate 12, 
the substrate 12 is coated with a layer carbon or graphite paint. The carbon or 
graphite layer makes the wooden (or polymer or paper or jute/polymer fibers) 
substrate 12 conductive, thereby enabling the inner electrode layer 16 to be applied 
thereon by EPD. The other functional layers 18, 20 are applied as described above 
25 in the first embodiment. A sintering then takes place and the carbon or graphite layer 
will be combusted along with the wooden core during sintering, leaving behind a 
tubular fuel cell. The fuel cell may be anode-, electrolyte-, or cathode-supported as is 
known in the art. For example, in an anode-supported fuel cell, a NiO/doped-zirconia 
(or doped-ceria) anode support layer is applied to the cartoon or graphite layer, then 
30 an anode functional layer is applied on the anode support layer, then an electrolyte 
(doped-zirconia or doped-ceria) layer is applied on the anode functional layer, then 
the layers are sintered (optional), then an outer electrode is applied to the electrolyte 
layer, and finally the layers are sintered. Or, the fuel cell can be thin-walled (less 
then 80 pm) and have a metal support layer 14 surrounding and attached to the outer 
35 electrode. In this latter case, a substantially metallic layer is applied to the outside of 
the outer electrode layer 20. A sintering then takes place and the carbon or graphite 
layer will be combusted along with the wooden core during sintering, leaving behind 
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a fuel cell assembly having its metallic support layer 14 on the outside of the 
functional layers 16, 18. 20. Instead of carbon or graphite paint, other conductive 
combustible layers as kno\Am to one skilled in the art may be applied to the substrate 
12, such as, electrically conductive polymers and other organic materials. 

5 

According to another embodiment of the Invention and referring to Figure 4, 
a metal supported tubular SOFC is produced in a manner similar to the method 
described in the first embodiment, except that after the metallic layer 14 applied to 
the wooden (or polymer or paper or jute/polymer fibers) substrate 12 has dried and 

10 before the first functional layer is applied, the metal coated wooden (or polymer or 
paper or Jute/polymer fibers) substrate 12 Is sintered. This bums away the wooden 
(or polymer or paper or jute/polymer fibers) substrate 12, leaving behind a thin 
tubular metallic layer 1 14, that can be optionally shaped into different fuel cell 
configurations, e.g. "U" shaped, or coil shaped. After such shaping, the functional 

IS layers are applied to the metallic layer 14 as described above. 

According to another embodiment of the invention and referring to Figure 5, 
a metal supported tubular SOFC is produced in a manner similar to the method 
described in the first embodiment, except that the wooden metal-coated rod-like 

20 substrate 12 is replaced by a porous hollow tubular extruded tube (not shown). The 
metal tube is preferably in the order of about 1 mm in diameter with a wall thickness 
less than 500 pm and preferably in the order of about 200 pm. but these dimensions 
can be scaled up or down depending on the desired size of the fuel cell 10. The tube 
can be fonmed from a metal powder having coarse particles, which during sintering, 

25 produces a porous tube having a porosity in the order of greater than or equal to 20 
vol. % and preferably around 60 vol %. Altematively, the tube can be extruded from 
a mixture that contains combustible additives, which are combusted during sintering 
to produce a tube having the same porosity. Now the tube may be shaped into a 
desired fuel cell configuration. Then, the inner electrode layer 16 and electrolyte 

30 layer 18 may be applied by EPD according to the steps as described above. The 
rest of the steps are same as that described in the first embodiment. 

While the preferred embodiment of the invention has been illustrated and 
described, it will be appreciated that various changes can be made therein without 
35 departing from the scope and spirit of the invention. 
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